Abstract. We report the light intensity profiles of 20 return strokes in rocket-triggered lightning flashes and 4 return strokes in natural lightning flashes recorded by a high speed optical observation device called LAPOS. For all the return strokes, the peak light intensity decreases and the 10% to 90% rise time increases with increasing height. The changes of light intensity and 10% to 90% rise time versus height are much faster in rocket-triggered lightning flashes than those in natural lightning flashes. The peak light intensity and the rise time of rocket triggered strokes at 40 m above the return stroke initiation point are about half and twice, respectively, of those at the initiation point.
Introduction
The attenuation characteristics of return strokes in peak light intensity and rise time as the return stroke propagates upward were first demonstrated by Jordan and Uman (1983) . The light intensity is related to the return stroke current (e.g., Wang et al., 2005; Zhou et al., 2014) . As demonstrated by Wang et al. (2005) , the current and the light intensity at the bottom of the return stroke channel exhibit a linear relationship, but the linear relationship only holds for the initial rising portion. The variation of return stroke current as it propagates upward can generate errors for the prediction of maximum current value with return stroke models, so it is important to determine the return stroke propagation characteristics. The height-dependent attenuation characteristics of return strokes at the very channel bottom of rocket-triggered lightning were reported by Wang et al. (2014) . From their results, it was suggested that the light intensity of rocket-triggered lightning has the strongest attenuation within the lowest tens of meters. However, the difference of propagation characteristics between rocket-triggered lightning and natural lightning is still incompletely understood. In this paper, we report the results of return stroke propagation characteristics of 22 return strokes of rocket-triggered lightning and 4 return strokes of natural lightning observed by the same device called LAPOS.
observed by LAPOS3. Fig. 1 shows the schematic of the LAPOS3. The fiber array at the film plane in LAPOS3 is divided into 15 rows and each row is connected to the lens and the photodiode. Each array is designed to observe the light intensity at a certain height so that the whole system can observe the light intensity profile within a height range. The light signal of lightning is converted to an electric signal and then recorded by an oscilloscope. LAPOS3 has two types of photodiode with different sensitivities. The photodiode with low sensitivity can observe processes with strong light signals such as return strokes, and the photodiode with high sensitivity can observe processes with weak light signals such as leaders as described in detail by Wang et al. (2013) . The spatial resolution of LAPOS3 for return stroke light intensity at the point of the rocket launcher is about 9.5 m in 2014. Data analyzed in this paper include 20 return strokes in 7 rocket-triggered lightning flashes during the summer of 2014 and 4 return strokes in 3 natural lightning flashes during the summer of 2013 and 2014. The distance from LAPOS3 to rocket launcher is 205 m. All 3 natural lightning flashes were within a distance of 1000 m from LAPOS3. Table 1 shows the information of natural lightning flashes and Table 2 shows the information of rocket-triggered lightning flashes. Of the four strokes in natural lightning flashes, three are first strokes and the other is a subsequent stroke.
Results
Examples of the light intensity profile of leaders and return strokes are shown in Fig.2 . Fig.  2(a) - (c) show light signals of the first stroke in a rocket-triggered lightning flash, the first stroke in a natural lightning flash and a subsequent stroke in a natural lightning flash, respectively. Light signals in the left column in Fig. 2 are observed by photodiodes with high sensitivity, and those in the right column are observed by photodiodes with low sensitivity. For the leader processes in the left column in Fig. 2 , we can see that light intensities are increased first at high altitudes then at low altitudes, indicating that a leader was propagating downward. For return stroke processes in the right column in Fig. 2 , we can see that light intensities are increased first at low altitudes then at high altitudes, indicating a return stroke was propagating upward. Light intensity profiles of leader processes are observed at 7 channels (S1-S7) and those of return stroke processes are observed at 6 channels (S1-S6).
Fig.1: Illustration of LAPOS3.
Numbers in the parentheses indicate the central altitude of a series of return stroke channel sections. From these graphs, leader propagation speed, return stroke propagation speed and return stroke initiation height can be calculated (Wang et al., 2013) . We can also see that the leader of the first stroke in a natural lightning flash (Fig.2b) is distinctively different from leaders in the rocket-trigger lightning (Fig. 2a) or leaders of the subsequent stroke in a natural lightning flash (Fig. 2c) . The light signal for the leader in Fig. 2b shows clear pulses caused by stepping processes, which do not exist for leaders in Fig. 2a and Fig. 2c . The light intensity of different altitudes are influenced by differences of photodiodes and weather conditions. Therefore, we first need to calibrate the light intensities observed by different channels. The calibration is done based on the report by Jordan and Uman (1983) that the light intensity 30 μs after the initial peak of the return stroke is relatively constant with height. For one return stroke, light intensity 30 μs after the initial peak at each channel is extracted and a ratio for respective channel is determined to make the intensities at different channels the same. The ratio of respective channel is then applied for all data of this channel, and the light intensity for this return stroke is calibrated. Further, to make sure the light intensities of different return strokes are also comparable, the reported peak current is also used to calibrate the light intensity assuming the peak current is proportional to the peak light intensity. First we will analyze the light intensity characteristics of return strokes in rocket-triggered lightning flashes. Data of rocket-triggered lightning are listed in Table 2 . A total of 26 return strokes are observed in 6 rocket-triggered lightning flashes. Light intensity profiles of 20 return strokes are recorded with high quality and are analyzed. Table  1 ) and (c) a subsequent stroke in a natural flash (data 3 in Table 1 ). Light signals in the left column are observed by photodiodes with high sensitivity and those in the right column are observed by photodiodes with low sensitivity. Time 0 corresponds to the return stroke initiation time. Fig. 3 presents the peak light intensity versus height for these 20 return strokes. The height is shown as relative to the return stroke initiation height. The peak light intensity is the maximum value recorded in each channel for each return stroke. In Fig. 3 , different symbols represent different return strokes. As shown in Fig. 3 , the light intensity profile of all return strokes follow a height-dependent attenuation tendency. The light intensity at about 40 m height is about half of that at 0 m. This result indicates that as a return stroke propagates upward, its light intensity decreases. As the light intensity is correlated with the current, it also indicates that the return stroke current is attenuated as it propagates upward. In order to see the overall variation characteristics, the height range (from 52 m to -8 m) is divided into six sections and average values of light intensity and height in each section for all return strokes in rocket-triggered lightning flashes are calculated and plotted as a red curve in Fig. 4 . The red curve indicates a consistent decrease of light intensity with increasing height for return strokes in rocket-triggered lightning flashes. As a comparison, Fig. 4 also shows the peak light intensity versus height for return strokes in all natural lightning flashes. Three green curves represent three first strokes and one blue curve represents one subsequent stroke in natural lightning flashes. We can see that the light intensity of return strokes in natural lightning flashes also has an attenuation tendency as height increases, but the light intensity of the subsequent stroke (blue curve) also shows some complicated variations. Fig. 4(b) shows an enlarged part of Fig. 4(a) , and for the convenient comparison, the light intensity of the point closest to the return stroke initiation point for each curve is normalized. Although the sample for natural lightning flashes is quite small, we can see that the light intensity for return strokes in natural lightning flashes generally show a slower variation with height than those in rocket-triggered lightning flashes.
Next we will analyze the 10% to 90% rise time of the light intensity pulse of return strokes. Examples of such pulses are shown in the right column of Fig. 2 . We can see that in each example the pulse rises more slowly as the height increases. The rise time versus height for all return strokes in rocket-triggered lightning flashes are shown in Fig. 5 . Each type of symbol represents one return stroke similar to Fig. 3 . The rise time shows clear increasing tendency as the height increases. The rise time at about 40 m height is about twice of that at 0 m. This result indicates that as the return stroke wave propagates upward, the channel is brightened more slowly. As in Fig. 4 , the height range in Fig.  5 is divided into 6 sections and the average value of the rise time in each section is calculated for all return strokes in rocket-triggered lightning flashes. The variation of rise time versus height is shown as a red curve in Fig. 6 . It shows a strong positive correlation between the rise time and the height for return strokes in rocket-triggered lightning flashes. As a comparison, Fig. 6 also shows the variation of rise time versus height for 3 first return strokes (green curves) and one subsequent return stroke (blue curve) in natural lightning flashes. The rise time for return strokes in natural lightning flashes also has increasing tendency with increasing height. Fig. 6(b) shows an enlarged part of Fig. 6(a) . The rise time variation for return strokes in natural lightning flashes shows some complicated characteristics, but generally it shows slower increases with increasing height than that in rocket-triggered lightning flashes.
Finally, the attenuation coefficients of light intensity and 10% to 90% rise time are calculated for return strokes in rocket-triggered lightning flashes, first return strokes and subsequent return stroke in natural lightning flashes. The regression lines for these three types of return strokes are obtained by the least square method, and the attenuation coefficients of light intensity and 10% to 90% rise time, , are calculated using the following relationships:
in which 0 and 0 are the light intensity and rise time at the return stroke initiation point, and ℎ and ℎ are those at height h. The results are shown in Table 3 . As a comparison, the attenuation coefficient results obtained by Wang et al. (2004) are also included. The results for the subsequent stroke of natural lightning in this paper is similar to that reported by Wang et al. (2004) . It seems that the absolute values of the attenuation coefficients for return strokes in rocket-triggered lightning flashes are much larger than those in natural lightning flashes, and the attenuation coefficients for subsequent strokes in natural lightning flashes are the smallest. The attenuation coefficients are related with the conductivity of the return stroke channel. These results may indicate that the channel for the subsequent stroke in natural lightning has the highest conductivity and the channel for the return strokes in rocket-triggered lightning has the lowest conductivity. 
Conclusions
In this paper, we reported the characteristics of light intensity and rise time at the bottom 60 m of return stroke channels in both rocket-triggered and natural lightning flashes. The results show that for all return strokes, the peak light intensity decreases and the 10% to 90% rise time increases with increasing height, indicating an attenuation feature of the return stroke current wave as it propagates upward. The changes of light intensity and rise time with height are generally much slower for return strokes in natural lightning flashes than those in rocket-triggered lightning flashes. The peak light intensity and the 10% to 90% rise time of rocket-triggered strokes at 40 m above the return stroke initiation point are about half and twice, respectively, of those at the initiation point. 
